Background {#Sec1}
==========

The population-based organized screening program with mammography in Stockholm County started in 1989. During the first two years (1989--1990), 80,000 women per year were invited; during the latest five years (2010--2014), the number of women invited per year has increased to 100,000. In a meta-analysis in which 13 areas within nine counties in Sweden were combined, a 43% mortality reduction was found for women actually screened in the screening epoch compared with the pre-screening epoch after adjustment for self-selection bias. In the four areas in Stockholm County, the mortality reductions were 36%--54% and 18%--41% in women screened and invited, respectively \[[@CR1]\].

Harms of screening, especially overdiagnosis, have become a growing concern. Overdiagnosis is defined as the detection of a cancer that would not become clinically apparent in a woman's lifetime without screening. It can result from either detecting a non-progressive cancer or detecting a progressive cancer and the patient dies before the cancer becomes clinically detectable. However, on the individual level, it is currently impossible to determine whether a screen-detected cancer has been overdiagnosed or not. The frequency of overdiagnosis can be estimated at only a group level, which complicates estimation.

Ideally, the frequency of overdiagnosis can be estimated from comparing the excess cumulative breast cancer (BC) incidence between screened and unscreened women. Similar underlying risk of BC in the two groups is a prerequisite for unbiased estimates which might be the case in randomized controlled trials (RCTs), but a contemporary control group is usually not available in the organized screening since the entire population is invited \[[@CR2]\]. A possibility is to estimate the incidence rate in the pre-screening period and then extrapolate to obtain an expected incidence in the absence of screening. However, the incidence trend in the screening period in the absence of screening is unknown and assumptions made in extrapolating the incidence rate---such as type of regression model, duration of pre-screening period, and screened age range---will have an impact on the estimates \[[@CR3]\]. An alternative is to estimate the frequency of overdiagnosis using multi-state models through estimating the natural history of BC during the screening epoch only.

Multi-state models have been widely used to characterize the natural course of diseases. The simplest model describing the progression of BC includes three states: free of BC, preclinical screen-detectable phase (PCDP) (asymptomatic but detectable by screening), and clinical phase (CP) (disease with clinical symptoms). The rate of moving to another state is called the transition rate, and the duration of staying in the PCDP is called the sojourn time. Subjects with long sojourn times can be thought of as slow-growing or non-progressive cancers that may be overdiagnosed cases if detected by screening. The three-state model can be extended to a four-state model by dividing the preclinical phase into progressive and non-progressive PCDPs to represent the true early detected cases and overdiagnosed cases if they were detected by screening. Several multi-state models using constant rate have been developed to estimate the frequency of overdiagnosis in BC screening \[[@CR4]--[@CR7]\]. In this study, we developed a non-homogeneous model to cope with age-specific transition rates. In a recent study, the estimates from this model were validated and found to be comparable to the results from the cumulative incidence approach in a randomized trial setting \[[@CR8]\]. We applied this method to estimate the frequency of overdiagnosis in the organized screening program in Stockholm County, Sweden, using individual data on screening history and mode of detection.

Methods {#Sec2}
=======

Study population {#Sec3}
----------------

Population-based, organized screening with mammography started in Stockholm in 1989. Women 50--69 years old were invited to screening every 24 months. Between 2005 and 2009, the screening program was gradually extended to women 40--49 years old; from 2012, women 70--74 years old were also invited. To estimate the frequency of overdiagnosis for women 50--69 years old, women born in 1920--59 and invited to screening in 1989--2014 (*N* = 417,710) were considered; that is, women 40--49 years old at invitation were not included in the study. Only 9.65% of women born in 1938--44 were invited to screening after age 69 (*N* = 40,308).

From the start of screening, individual screening information on invitation, participation, recall for further assessment, and screening results as well as findings from the diagnostic procedures following a positive screening result were regularly recorded in the regional screening register \[[@CR9]\]. The unique identification number for each woman was used to link the screening data to the Stockholm-Gotland Cancer Register (which is a regional part of the national cancer register founded in 1958) to identify BC cases. International Classification of Disease (ICD) site code 170 or C50 and histo-pathological code C − 24; 096,146,196, 896, and 996 were used to define invasive BC cases. Women with BC diagnosed before their first invitation date were excluded.

Statistical methods {#Sec4}
-------------------

The yearly number of women invited, screened, and recalled for further assessment as well as the participation and recall rates are presented in Table [1](#Tab1){ref-type="table"}. Mode of detection based on the EU guidelines was determined for BC cases by using the individual screening histories and outcome of screening and categorized into screen-detected case at the prevalent and the subsequent screening rounds, interval cancer (IC), and non-participant (NP) \[[@CR10]\]. Individual person-years were calculated from the date of first invitation to the date of BC diagnosis, two years after the last invitation or December 31, 2014, whichever came first. The IC ratio was calculated as the number of ICs divided by the number of prevalent screen-detected cases (PSDs), subsequent screen-detected case (SSDs), and ICs. The age-specific BC incidence rate is reported in four age groups: 50--54, 55--59, 60--64, and 65--69 (Table [2](#Tab2){ref-type="table"}). For women who were invited to screening after age 69, the person-years and number of breast cases were included in the 65--69 age group.Table 1Number of women invited and screened, participation rate, number of women recalled for further assessment, and recall rate by year of invitation in Stockholm breast cancer screeningYearWomen invitedWomen screenedParticipation rate (%)Women recalledRecall rate (%)198932,40123,13371.46372.75199077,74056,48872.717363.07199184,26758,42669.314482.48199274,66556,09075.112392.21199378,04058,13274.512792.20199483,15661,28573.713712.24199582,26059,07871.812752.16199684,56262,80974.313852.21199787,43865,06974.416142.48199891,22968,68275.316572.41199993,75463,08067.315872.52200083,43459,84071.716152.70200195,64065,63368.618142.76200294,05567,45771.718522.75200387,53061,43070.218082.94200499,01270,92171.623413.30200599,43370,75971.219982.82200695,87569,93172.917622.52200796,13469,97372.817972.572008102,56175,93074.017172.262009110,30679,95372.516122.02201096,69370,20472.615042.14201195,28169,39172.814652.112012109,05281,94975.117992.202013104,14978,34975.21852\*2.36\*201494,48671,88076.11857\*2.58\*Total2,333,1531,695,87272.742021\*2.48\*\*Owing to insufficient follow-up time, value is not completeTable 2Number of person-years, invasive breast cancer cases by detection mode, interval cancer ratio, and breast cancer incidence by age groupAge at invitationPerson-yearsPSDSSDICNPIC ratio (%)^a^BCI (per 10^5^)^b^50--541,163,586.187572173669731.626055--591,264,796.0277150795579334.927960--641,098,407.1316200187265527.335065--69^c^1,157,223.7331227797566027.2367Total4,684,012.9179965063538280529.9313*Abbreviations*: *BCI* breast cancer incidence, *IC* interval cancer, *NP* non-participant, *PSD* prevalent screen-detected cases, *SSD* subsequent screen-detected cases^a^Number of ICs divided by the sum of screen-detected and ICs^b^Total number of breast cancers divided by person-years^c^9.65% of the women were also invited to screening at age 70--74 from 2012

### The four-state Markov model {#Sec5}

To model the data collected from the screening program, a hidden Markov model with four latent states and three observed states was used (Fig. [1](#Fig1){ref-type="fig"}, redrawn and modified from the original in \[[@CR8]\]). Let *X*(*t*) denote the underlying disease process which is unobserved or hidden and is assumed to follow the Markov property, which means that the future status depends only on the current status and is independent of all states before. The four latent states are (1) free of BC, (2) progressive PCDP, (3) CP, and (4) non-progressive PCDP. If the progression of BC is an irreversible procedure, the transition rate (**Λ**(*t*)) at time *t* is as follows.$$\documentclass[12pt]{minimal}
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The transition rate from state *i* to state *j* at age *t* is defined by$$\documentclass[12pt]{minimal}
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The transition probability from state *i* to state *j* is defined by *P*~*ij*~(*s*, *t*) = Pr(*X*(*t*) = *j*\| *X*(*s*) = *i*) for 0 ≤ *s* ≤ *t*.

We assumed that initiation time (*t*~0~) of the disease process is age 40. It implied that women who participated in the screening program were assumed to be free of BC before age 40. The transition rates were assumed to be constant within intervals, and the transition rate matrix could be expressed by **Λ**(*t*) = **Λ**^*l*^ with entries $\documentclass[12pt]{minimal}
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### The observed states and measurement error {#Sec6}

The individual screening history, including invitation and participation, combined with outcome of screening indicated the subject's observed disease states in the screening period. The information was described by three observed states denoted by *Y*(*t*), including (1) negative finding, (2) screen-detected case, and (3) clinical case. The observed states depend on not only the true disease states but also on the accuracy of the screening program. A preclinical BC case might be misclassified as a negative finding (false-negative case) of mammography. The probability of detecting a progressive or a non-progressive PCDP case was defined as test sensitivity (*S*). In contrast, a subject free of BC may be misclassified as an abnormal result of mammography (false-positive case). However, as further diagnostic examinations were performed to confirm the diagnosis, the probability of being misclassified as a cancer case,Pr(*Y*(*t*) = 2\| *X*(*t*) = 1), was set to zero. We assumed that the cases in the CP will seek medical care and thus can be identified in the cancer register. The misclassification matrix (***E***) was defined as follows:$$\documentclass[12pt]{minimal}
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We assumed the misclassification matrix to be constant over age and the test sensitivity of progressive and non-progressive PCDP cases to be the same due to non-differential pathological findings (that is, Pr(*Y*(*t*) = 2\| *X*(*t*) = 2) = Pr(*Y*(*t*) = 2\| *X*(*t*) = 4) = *S* ). In addition, a false-negative case was assumed to be detected in the next screening round (if not detected clinically before that) to simplify the likelihood function \[[@CR8]\].

### Maximum likelihood estimation {#Sec7}

The individual observed states identified from the screening histories combined with the outcomes of screening were used to construct the likelihood function through the transition probabilities. The transition probabilities can be derived from the transition rates by solving the forward Kolmogorov equation \[[@CR11]\]. The likelihood function was similar to that used by Wu et al. \[[@CR8]\]. In brief, the likelihood contribution of a sequence of observations on an individual subject can be represented by transition probabilities and misclassification probabilities according to the observed states \[[@CR12]\]. Since individual screening histories were collected from age 50, the transition rates before age 50 were intractable. The transition rate from state 1 to state 2 for time interval \[40, 50) was obtained from the average age-specific incidence in 1989--2004 in Stockholm as reported in the cancer register \[[@CR13]\]. Because the closed-form solutions of parameters did not exist, a numerical procedure was required to estimate the parameters and maximize the likelihood. The quasi-Newton (Broyden--Fletcher--Goldfarb--Shanno) and Nelder--Mead methods were used to find the maximum likelihood estimates (MLEs) using the package *optimx* in R software \[[@CR14]\]. We applied the Karush--Kuhn--Tucker conditions to determine whether the −2\*log likelihood indeed converged \[[@CR15]\]. The standard errors of the estimates of parameters were obtained from the inverse of the Hessian matrix of the maximized log-likelihood function. A homogeneous Markov model based on constant transition rates was also estimated, and likelihood ratio test was used to compare the homogeneous and non-homogeneous models. All calculations were performed using the R statistical software.

To check whether the model fitted the data, the observed and expected cumulative incidence curves in the ever-attenders were plotted. The expected number of BC cases was calculated on the basis of the individual screening histories and MLEs of parameters. The annual observed incidence rate was first calculated and the expected number of BC cases in each year was calculated by summing the probability that an individual was in PCDP or CP given her previous states over all at-risk subjects. Follow-up of clinically detected cases was continued until the next supposed examination time (two years after latest scheduled time) \[[@CR16]\].

### Estimation of frequency of overdiagnosis {#Sec8}

There are several different definitions of overdiagnosis in the literature because of the choice of denominator \[[@CR17]\]. In the present study, overdiagnosis due to screen detection of non-progressive cancer was estimated. We used the number of screen-detected cases as the denominator and the expected number of detected non-progressive BCs as the numerator. Here, the expected number was calculated as the number of screen-detected cases at each screening round multiplied by the estimated probability that a detected BC would be non-progressive. The estimated probability was calculated as follows:$$\documentclass[12pt]{minimal}
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Here, *k* denotes the screening round and the corresponding age is *t*~*k*~ $\documentclass[12pt]{minimal}
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                \begin{document}$$ \widehat{S} $$\end{document}$denotes the estimated test sensitivity. The first part of the denominator represents the probability of a subject who stays in state 1 before *t*~*k* − 1~, transits to either state 4 (*A*~1~) or state 2 (*B*~1~) between *t*~*k* − 1~ and *t*~*k*~, and then is detected by screening. The second part of the denominator represents the probability of a subject who transits to state 4 (*A*~2~) or 2 (*B*~2~) between *t*~*k* − 2~and *t*~*k* − 1~ but is not detected at time *t*~*k* − 1~ and stays in same state at time *t*~*k*~. Because the probability for staying in state 4 is one, it is omitted from the equation. The numerator represents the probability of a subject who transits from state 1 to state 4 between either time *t*~*k* − 1~ and *t*~*k*~ (*A*~1~) or *t*~*k* − 2~ and *t*~*k* − 1~(*A*~2~).

The 95% confidence interval (CI) of frequency of overdiagnosis was estimated by simulating the variation in the estimation of overdiagnosis. We drew the values from the multivariate normal distribution (with mean vectors equal to the MLEs of parameters and the covariance matrix equal to the estimated covariance matrix) 1000 times and computed the expected number of non-progressive BCs for each drawn value to reflect the sample variation of overdiagnosis \[[@CR18]\].

Results {#Sec9}
=======

During the study period 1989--2014, 2,333,153 invitations were sent and 1,695,872 women participated in the screening program (Table [1](#Tab1){ref-type="table"}). The average participation rate was 72.7%. The yearly recall rate varied between 2.02% and 3.30% (median 2.48%).

The incidence rates of invasive BC in women 50--54, 55--59, 60--64, and 65--69 years old were 260, 279, 350, and 367 per 100,000 women, respectively (Table [2](#Tab2){ref-type="table"}). Almost half (48.6%) of the PSDs were found in women 50--54. The IC ratio was higher in women 50--59 (33.3%) than in women 60 or older (27.3%).

The transition rates from free of BC to progressive PCDP were 276 and 381 per 100,000 women-years for women 50--59 and 60--69, respectively (Table [3](#Tab3){ref-type="table"}). The mean sojourn times (MSTs) in age 40--49, 50--59, and 60--69 were 2.60 (95% CI 2.31--2.89), 2.16 (95% CI 2.03--2.29), and 3.52 (95% CI 3.31--3.73) years, respectively. The ratio of *λ*~14~(*t*) to*λ*~12~(*t*) was 0.00182 (95% CI 0--0.00523), and the test sensitivity was 88% (95% CI 85.2%--90.9%). The likelihood ratio test showed that the non-homogeneous model fits the data better than the homogeneous model (chi-squared = 854 with 3 degrees of freedom, *P* \<0.001), which is visually confirmed by the cumulative observed and expected incidence curves (Fig. [2](#Fig2){ref-type="fig"}). The results showed that the homogeneous model overestimated the risk of BC in the ages of 50--59 and underestimated the risk in the ages above 60. The expected cumulative incidence curve in the non-homogeneous model was close to the observed incidence curve, indicating that the model fit was adequate. Table [4](#Tab4){ref-type="table"} shows the estimation of overdiagnosis from non-progressive detected BC cases. Among the 8305 screen-detected invasive cases, the expected number of non-progressive BC cases detected by screening was 35.9, which corresponds to 0.43% (95% CI 0.10%--2.18%) overdiagnosis. There were 15.6 (0.87%, 95% CI 0.20%--4.31%) and 20.3 (0.31%, 95% CI 0.07%--1.59%) estimated non-progressive BC cases in the prevalent and subsequent rounds of screening, respectively.Table 3Maximum-likelihood estimates and 95% confidence intervals based on the non-homogeneous and the homogeneous multi-state modelDescriptionParameterMLE (95% CI)Non-homogeneous modelHomogeneous model40--49 years50--59 years60--69 years^a^Transition rate from free of BC to progressive PCDP*λ*~12~(*t*)--0.00276 (0.00269, 0.00283)0.00381 (0.00371, 0.00390)0.00306 (0.00301, 0.00311)Transition rate from progressive PCDP to CP*λ*~23~(*t*)0.385 (0.342, 0.428)0.464 (0.436, 0.492)0.284 (0.267, 0.301)0.418 (0.400, 0.436)Ratio of *λ*~14~(*t*) to *λ*~12~(*t*)*r*0.00182 (0, 0.00523)9.999×10^−4^ (0, 3.432×10^−3^)Sensitivity*S*0.880 (0.852, 0.909)0.924 (0.901, 0.947)-2\*log(likelihood)NA198,024198,878Mean sojourn time (year)$\documentclass[12pt]{minimal}
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Discussion {#Sec10}
==========

We used a non-homogeneous multi-state model to estimate the frequency of overdiagnosis from the expected number of non-progressive BCs among the screen-detected cancer cases in the population-based organized screening program with mammography in women 50--69 in Stockholm County, Sweden. We found that only 0.43% of the screen-detected invasive cases were overdiagnosed. The frequency of overdiagnosis in the prevalent round was three times higher than that in the subsequent rounds. We showed that the non-homogeneous model fitted the data better than the homogeneous model.

Published estimates of the frequency of overdiagnosis have varied because of type of screening program, study design, choice of control group, estimation method, and adjustment for lead time (the time by which screening advances the diagnosis compared with absence of screening) \[[@CR2], [@CR19]--[@CR22]\]. Overdiagnosis based on Swedish data has been estimated in four RCTs and two observational studies.

Estimation of overdiagnosis based on the Swedish RCTs {#Sec11}
-----------------------------------------------------

In the Stockholm trial, two screening rounds were performed for 40,318 women 40 to 64 years old, and 20,000 controls were also invited to one screening round at the end of the trial. Two estimates of overdiagnosis were made on the basis of the Stockholm trial. Gotzsche found 49% overdiagnosis by comparing the relative risk of all BCs in the screening period \[[@CR23]\]. However, failing to separate the increasing incidence due to earlier detection of cancer (the so-called lead-time problem) results in overestimation of overdiagnosis. Moss found that the invasive (0.81 versus 0.85 per 1000 person-years in the screened and in the control groups) and all BC cumulative incidence rates (0.88 versus 0.91 per 1000 person-years in the screened and the control groups) were similar between two arms over 15 years follow-up \[[@CR24]\]. It should be noted that because the control group was also invited to a single screen, which might lead to some overdiagnosis in the control group, overdiagnosis probably was underestimated in this approach. Our findings of the frequency of overdiagnosis in the subsequent screening rounds of the organized screening program were consistent with Moss's finding in the Stockholm trial that showed no evidence of overdiagnosis as a result of incident screens \[[@CR25]\].

Similar results were found in the Two-County trial and the Gothenburg trial; −0.02 and −0.03 per 1000 absolute excess cumulative incidences of all BCs were found in the screened group in the two trials, respectively \[[@CR24]\]. Duffy et al. applied a homogeneous four-state model to quantify the overdiagnosis \[[@CR4]\]. The frequency of overdiagnosis in the prevalent and the two subsequent rounds were 3.1%/4.2% and 0.3%/0.3%, respectively, in the Two-County/Gothenburg trials. These estimates are in line with our estimates and confirm a low level of overdiagnosis. Using 29-year follow-up data from one county of the Two-County trial, Yen et al. further confirmed that screening did not lead to excess incidence of BC in the screened group (risk ratio 1.00) where 100,000 additional screens were performed compared with the control group. No evidence of overdiagnosis for invasive or *in situ* BC was found \[[@CR26]\].

The estimate for overdiagnosis based on the Malmö I trial has been considered reliable because of the stop-screen design (women in the control group were never invited to screening) and an adequate follow-up time \[[@CR27], [@CR28]\]. Zackrisson et al. estimated the frequency of overdiagnosis at 10% for all BCs and 7% for invasive BCs in women 55 to 69 at random assignment by comparing the incidence rate between the invited and control groups at 15 years of follow-up, after the end of the trial \[[@CR28]\]. The United Kingdom BC panel recalculated the estimated overdiagnosis by comparing the excess numbers with different denominators, such as the number of cancers diagnosed over the whole follow-up period in the control group/invited group or the number of cancers/screen-detected cancers diagnosed in the screening period in the invited group \[[@CR27]\]. The estimates varied from 11% to 29%. Although RCTs may provide a good opportunity to quantify overdiagnosis, the generalizability for the current organized screening program remains dubious.

Estimation of overdiagnosis based on the organized screening programs {#Sec12}
---------------------------------------------------------------------

Zahl et al. used the age-specific incidence of invasive BC during 1971--2000 to quantify the increasing incidence after introduction of mammographic screening in Sweden \[[@CR29]\]. They estimated that the frequency of overdiagnosis in women 50--69 years old was 45%; however, lead time was not properly adjusted for and the increase in the incidence over time was not considered. Jonsson et al. also applied the incidence rate approach to quantify overdiagnosis in 11 out of 20 countries after implementing organized screening \[30\]. The pre-screening incidence (15 years before the start of screening) was used to calculate the expected incidence in the absence of screening during the screening period until year 2000. In the stable phase, overdiagnosis rates were estimated at 54% and 21% for the 50--59 and 60--69 age groups, respectively, after lead-time adjustment. It should be noted that the increased incidence might result from a prevalent screening effect among newcomers, potential changes in risk factors leading to changing trends, and so on; therefore, it should not be attributed entirely to overdiagnosis \[[@CR30]\]. However, the data from the organized screening program in Stockholm County were not included in this study and the choice of pre-screening period might have influenced on the estimation of overdiagnosis \[[@CR3]\]. Therefore, it was difficult to compare with our findings.

Estimation of mean sojourn time {#Sec13}
-------------------------------

Our estimates of the MSTs for women ages 40--49, 50--59, and 60--69 (2.60, 2.16, and 3.52 years) were lower than previously reported MSTs in the Two-County trial (2.44, 3.70, and 4.17 years) \[[@CR31]\]. There are several reasons for the shorter MSTs in our study. First, the sojourn time in our model represents the sojourn time in the progressive BCs. The non-progressive BCs having infinite sojourn time were separated. Second, it has been shown that there is an association between hormone replacement therapy (HRT), BC risk, and sojourn time \[[@CR32], [@CR33]\]. In Sweden, the use of HRT increased starting in 1990 and decreased after 2002 and the majority of HRT use was in the 50--59 age group \[[@CR34]\]. HRT use increases the risk of invasive lobular carcinoma, which has a shorter sojourn time than ductal carcinoma \[[@CR35]\]. This might explain why we got lower estimates of MST in women 50--59 years old. Another explanation can be that Duffy et al. used age at random assignment to classify the population into age groups regardless of how old they were at the end of the study and the MST was estimated separately for these groups. For example, women 50--59 at random assignment were 57--66 years old at the end of the trial and thus were an average of 3--4 years older during the study period. The estimate of longer MST in 50--59 age group found by Duffy et al. may be partially attributable to the longer MST observed at ages 60--69. In contrast, in our model, a woman might contribute to the likelihood for estimation of MST in different age intervals as they move through the age groups.

Concerns about the *in situ* cancers {#Sec14}
------------------------------------

The incidence of ductal carcinoma *in situ* cancer has increased significantly since the introduction of the organized screening program \[[@CR36]\]. This increase has been considered to be a marker of overdiagnosis \[[@CR37]\]. A sensitivity analysis was performed by combining the *in situ* and invasive BCs in the same state to estimate overdiagnosis (Additional files [1](#MOESM1){ref-type="media"} and [2](#MOESM2){ref-type="media"}). There were 51.6 non-progressive detected BC cases found among 9631 *in situ* and invasive BC cases, corresponding to 0.54% overdiagnosis (Additional file [3](#MOESM3){ref-type="media"}). Although slightly higher overdiagnosis was found, the frequency of overdiagnosis was still low. Similar findings were demonstrated by the six-state model in women 40--49, suggesting that the majority of screen-detected *in situ* cancers would have presented clinically in the absence of screening \[[@CR7], [@CR38]\].

Strengths and limitations {#Sec15}
-------------------------

Our estimate of overdiagnosis based on a non-homogeneous model and large-scale screening data has several strengths. First, to the best of our knowledge, this is the first study using individual screening histories to quantify the frequency of overdiagnosis in the Stockholm organized screening program. Aggregated data used in most studies cannot reflect the actual exposure of screening. In the Stockholm screening program, individual screening histories were collected from the start, quality-checked, and regularly stored in the register. Date of and status of participation, mammographic results, follow-up assessments, and cancer outcomes were prospectively recorded \[[@CR9], [@CR39]\]. Second, the unscreened population (expected number of BCs in the absence of screening) was obtained from natural history modeling that provides the same characteristics (risks) between the unscreened population and screened population. Bias, which results from the choice of control groups, could thus be prevented. Third, age-specific incidence and sojourn time were taken into account in our model. Piecewise constant transition rates were used in the non-homogeneous model and fitted the data better than the traditional homogeneous model with constant rates.

There are some limitations which may have influenced our estimates of overdiagnosis. First, the detection mode of BC cases might be misclassified. For example, women born in 1920--1941 might have been invited to at least one screening round in the Stockholm trial. The SSDs might be misclassified as PSDs. Lidbrink et al. found that, in the organized screening in Stockholm, the tumor size in the screening units performing prevalent screening was similar to that in the unit where the trial was conducted \[[@CR39]\]. Mammography performed outside of the organized screening program might also bias our results. The participation rate in the more densely populated counties in Sweden, including Stockholm County, has been lower than in other counties in Sweden, which might be due to higher access to private mammography, in particular during the first years of the program \[[@CR1], [@CR40]\]. The cancer cases diagnosed in the private sector might be misclassified as NPs in the organized screening program. The risk of progressing to the CP might be overestimated, leading to an underestimation of overdiagnosis.

Second, overdiagnosis resulting from the detection of progressive cancers in women who died before the cancer became symptomatic was not counted in our study. A possible extension of the model is to consider death as a separate state \[[@CR7], [@CR41]\]. Besides, in Stockholm, the all-cause mortality rates in women 50--59 and 60--69 from year 1989 to 2014 were 3.2 and 7.98 per 1000 women-years \[[@CR42]\]. Thus, during a 2.16-year sojourn time, 6.91 deaths per thousand women might be expected in those progressive screen-detected breast cases at ages 50--59. In other words, a reasonable estimate of overdiagnosis due to death would be approximately 0.69% for women 50--59. The corresponding estimate for the women 60--69 would be 2.8% given a 3.52-year sojourn time. The true value will be lower after considering the difference between lead time and sojourn time.

Third, the assumptions made in modeling of the natural history should be considered. We assumed the test sensitivity to be constant over time, age, and type of BC. Owing to lack of data, the effect of improvement of screening tools, like digital mammography, was not possible to take into account. In addition, false-negative cases were assumed to be detected in the next screening round for simplification of the likelihood function. It might slightly overestimate the test sensitivity. Furthermore, our non-homogeneous model requires a certain initiation time where the true state either is known or can be modeled \[[@CR12]\]. We restricted the model so that the risk of BC was zero before the age of 40 years. A sensitivity analysis was performed to check this model assumption. The results were similar when the initiation time was assumed to be 35 or 45 years (not shown). The average incidence rate from the Stockholm cancer register for the years 1989--2004 was used to approximate the transition rate from free of BC to progressive PCDP in the 40--49 age group. The underlying preclinical incidence rate might be higher than the clinical incidence rate since the incidence increases with age. This might affect other estimates of parameters, especially the MST in women 40--49, if the rate does not represent the background incidence.

Fourth, a more robust CI of the estimate of overdiagnosis could be calculated through the bootstrapping method. However, since the individual screening history for over 400,000 women was used for estimation, the estimation procedure was very time-consuming.

Another important issue is that the likelihood function might be flat and lead to an identifiability problem. Even if our model fitted the data well, we cannot exclude a misspecification of the model. The genuine progression of BC could have been oversimplified in our four-state model. Owing to insufficient or incomplete (censored) data, it might be difficult to get the correct estimates. To successfully estimate other parameters and to further quantify the overdiagnosis, our model relies on the information from clinically detected cancers, including ICs and NPs (who were the most informative cases in the dataset because the exact transition time to CP is known). Earlier, we showed that a certain proportion (5--10%) of an unscreened group, like never-attenders, can stabilize the model \[[@CR8]\]. Therefore, the inspection of the likelihood function seems to be necessary. We have checked the Karush--Kuhn--Tucker conditions to make sure the optimization algorithm indeed converged.

Our findings provide the following insights for future research. First, it would be valuable to assess the period effects on the BC risk, sojourn time, and sensitivity to investigate how exposure to HRT and digital mammography have influenced the frequency of overdiagnosis. Second, further comparison of the overdiagnosis estimates based on other evaluation methods, like the cumulative incidence method, in the same dataset needs to be carried out to provide more solid evidence for policy makers to further confirm the findings \[[@CR21]\].

The frequency of overdiagnosis in the organized screening program depends on the latent proportion of non-progressive BC cases but also on the screening program, where a higher participation rate or improved sensitivity due to better screening instruments will lead to higher frequency of overdiagnosis. The balance between benefit and harm of screening should be considered and thus regularly monitoring the mortality reduction and overdiagnosis will be necessary \[[@CR43]\].

Conclusions {#Sec16}
===========

Our findings suggest that the overdiagnosis in the population-based organized biennial mammographic screening for women 50--69 in Stockholm County, Sweden, is a minor phenomenon. The proportion of frequency of overdiagnosis in the prevalent screening round was higher than that in subsequent rounds but still low. The non-homogeneous model fitted the data better than the simpler, traditional homogeneous model.
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BC

:   Breast cancer

CI

:   Confidence interval

CP

:   Clinical phase

HRT

:   Hormone replacement therapy

IC

:   Interval cancer

MLE

:   Maximum likelihood estimate

MST

:   Mean sojourn time

NP

:   Non-participant

PCDP

:   Preclinical screen-detectable phase

PSD

:   Prevalent screen-detected case

RCT

:   Randomized controlled trial

SSD

:   Subsequent screen-detected case
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